Background. Distinguishing between bacterial and viral lower respiratory tract infection (LRTI) remains challenging. Transcriptional profiling is a promising tool for improving diagnosis in LRTI.
Lower respiratory tract infections (LRTIs) are among the most frequent reasons for hospitalization in adults. However, the spectrum of the disease is broad, and adult patients with LRTI can present with a minor self-limiting illness to potentially life-threatening disease [1, 2] . Until recently, bacterial pathogens were considered the leading cause of LRTI/pneumonia in adults. However, there is increasing evidence suggesting that viral respiratory infections also play an important role [3, 4] . Antibiotic resistance, the increased adverse drug reactions and the costs of antimicrobial therapy should be considered in order to implement a rational use of antimicrobials. Hence, elucidating the causes of LRTIs has become a pivotal factor for improving patient management.
To tackle this issue, in recent years there has been increased interest in the development of rapid and accurate diagnostic tests for detection of respiratory pathogens (eg, polymerase chain reaction [PCR]) [5] and biomarkers with potential ability to distinguish between viral and bacterial infections, such as procalcitonin (PCT) [6] and C-reactive protein [7] . However, these tools have limitations, especially for the diagnosis of bacterial pathogens. Thus, there is an urgent need for the development of new methods to accurately differentiate viral from bacterial LRTIs to allow targeted use of antimicrobial therapy.
Transcriptional analysis is a promising tool that allows a comprehensive and efficient analysis of a large number of genes and helps elucidate the host response to the disease [8] . This approach has been applied to patients with different infectious diseases and has successfully demonstrated the potential to differentiate bacterial and viral infections, mainly in the pediatric population [9] [10] [11] . Moreover, recent studies have also demonstrated the value of this approach as a prognostic tool [10, 12] . Fewer studies have evaluated the role of microarrays for the diagnosis of bacterial and viral LRTI in adults [12] [13] [14] .
The purpose of this study was to explore the value of transcriptional profiling as a potential diagnostic tool in adults hospitalized with LRTIs. Specifically, our focus was to evaluate the application of transcriptional profiles in the differential diagnosis of bacterial and viral LRTIs in adults.
PATIENTS, MATERIALS, AND METHODS

Study Design and Patients
We conducted a prospective study in adult patients (aged ≥21 years) hospitalized with LRTI over 3 respiratory seasons (2008) (2009) (2010) (2011) . All patients were enrolled at Rochester General Hospital, New York, and screened for bacteria and respiratory viruses with a comprehensive microbiologic diagnostic algorithm, as described elsewhere [15] . Exclusion criteria included antibiotic treatment before admission, immunosuppression, cavitary lung disease, and witnessed aspiration. Informed consent was obtained from subjects before sample collection. At enrollment, demographic, clinical, and laboratory information was collected, and a pulmonary specialist assigned the admitting diagnosis after examination of each patient and review of laboratory and radiographic data [15] .
Blood samples were obtained for microarray analyses and white blood cell counts with differential, and PCT concentrations were measured in all study patients using a time-resolved amplified cryptate emission technology assay (Kryptor PCT; Brahms). The functional sensitivity of the assay is 0.06 ng/mL [16] . Blood samples were also obtained from 40 healthy volunteers matched for age, race, and sex, and screened for respiratory illnesses, as reference controls (Supplementary Figure 2) . The study was approved by the institutional review boards at Rochester General Hospital, the University of Rochester, and Nationwide Children's Hospital.
Specimen Collection and Microbiologic Methods
Nasopharyngeal, sputum, urine, and blood samples were obtained at admission for bacterial and viral detection and were processed at Rochester General Hospital clinical laboratory, as described elsewhere [15] . Briefly, respiratory viruses were identified by a combination of PCR, culture, and serology, and bacterial pathogens were identified by culture, serology, and antigen detection. To identify respiratory viruses, we used PCR for influenza A and B viruses, respiratory syncytial virus [RSV], human metapneumovirus [HMPV], parainfluenza virus [PIV] types 1-3, human rhinovirus [HRV], and coronavirus 229E and OC43; viral culture for influenza, RSV, PIV, HRV, adenovirus, and enterovirus; and acute and convalescent serum immunoglobulin G titers for influenza, RSV, HMPV, PIV, HRV, and coronavirus 229E and OC43. Bacterial pathogens were identified with Gram staining and semiquantitative bacterial cultures from sputum and blood samples as well as nasopharyngeal and throat PCR for Mycoplasma pneumoniae and Chlamydophila pneumoniae. In addition, urinary antigen testing was also performed for Streptococcus pneumoniae and Legionella pneumoniae. Finally, pneumococcal surface protein A antigens covering families 1 and 2 were used for pneumococcal serology.
Microarray Data and Statistical Analysis
Blood samples (1-3 mL) for microarray analyses were collected in Tempus tubes (Applied Biosystems) and stored at −20°C. Whole blood RNA was processed and hybridized into Illumina Human HT-12 v4 BeadChip kit (47 323 probes) and scanned on the Illumina BeadStation 500 [12, 17] . Illumina GenomeStudio software was used to subtract background and scale average samples' signal intensity, and GeneSpring GX 7.3 (Agilent Technologies) software to perform further normalization and analyses [9, 12, 18] . Briefly, transcripts were first selected if they were present in ≥10% of all samples and had a minimum of 2-fold expression change compared with the median intensity across all samples. Using this approach, we obtained a total of 16 710 quality control transcripts (Supplementary Figure 1A ; 158 samples [22 bacterial LRTI, 71 viral LRTI, 25 bacterialviral coinfections, and 40 healthy controls]).
We then continued with the following strategy. First, we performed supervised analysis (comparative analyses between predefined sample groups) using the Mann-Whitney test (P < .01), followed by Benjamini-Hochberg multiple-test corrections and a ≥1.25 fold change in expression level relative to the control group [10, 12] . Next, we applied unsupervised clustering (unbiased grouping of samples based on their transcriptional profile without prior knowledge of sample classification) to the validation set. We then applied class prediction, using the K-nearest neighbors (K-NN) algorithm, with 12 neighbors and a P value ratio cutoff of .5, to identify the top-ranked genes that best discriminated between bacterial and viral infections [9] . Finally, we performed functional gene analyses using a modular analysis, as described elsewhere [17, 19, 20] (module transcript content and annotations are available online at http://www.biir.net/public_ wikis/module_annotation/V2_Trial_8_Modules). The data are deposited in the National Center for Biotechnology Information Gene Expression Omnibus (accession No. GSE6024).
Patient demographic and clinical characteristics were compared using χ 2 or Fisher exact tests, whenever appropriate. Normally distributed continuous variables were compared using t tests or 1-way analysis of variance, and results were expressed as means and standard deviations. Nonnormally distributed continuous variables were compared using Mann-Whitney or Kruskal-Wallis tests (for 2 or >2 groups, respectively), and results were expressed as medians and interquartile ranges. Differences were considered significant at P < .05 for all statistical analyses. The IBM SPSS software package, version 19.0 (IBM), and GraphPad Prism version 6.03 for Windows (Graph-Pad Software), were used to perform statistical analyses.
RESULTS
Patient Demographic Characteristics and Etiologic Diagnosis
During the study period, 118 patients and 40 healthy controls (matched for age, sex, and race) were enrolled. Patients' median age was 61 years (interquartile range, 50-76 years), 69 (58.4%) were female, and the majority were white (76.3%). The most common clinical presentation was chronic obstructive pulmonary disease exacerbation (34 episodes; 28.8%), followed by community-acquired pneumonia (32 episodes; 27.1%). The most common presenting symptoms were cough (97.4%) and dyspnea (94%). None of the patients enrolled died during the study period. The remaining clinical characteristics of the patients with LRTI and the control group are summarized in Table 1 and Supplementary Table 1 .
Of the 118 patients hospitalized with LRTI, a respiratory virus infection was diagnosed in 71 (60.2%) patients, a bacterial pathogen in 22 (18.6%), and a bacterial-viral coinfection in 25 (21.2%). Of the 71 viral infections, 32 (45%) were caused by influenza A, 9 (12.7%) by influenza B, 17 (23.9%) by RSV, and 7 (9.9%) by HMPV, and 6 (8.4%) were viral-viral coinfections. Among the bacterial infections, we identified 13 Streptococcus pneumoniae, 2 Staphylococcus aureus, 4 Moraxella catarrhalis, and 3 bacterial-bacterial coinfections.
Robust Transcriptional Biosignature in Adults Hospitalized With LRTI
We obtained blood samples from the 118 patients (including bacterial, viral, and bacterial-viral coinfections) and 40 healthy controls to define the whole blood biosignature of LRTI in adults (Supplementary Table 2 ). Samples were randomly divided into 2 independent cohorts ("training" and "test" sets). We used the training set to identify the transcriptional signature of LRTI and then validated it in the test set. Statistical group comparisons between the training set of 59 patients with LRTI and 20 healthy controls, matched for age, sex, and race, yielded 3986 differentially expressed transcripts ( Figure 1A ). This signature was validated in the independent test set of 59 patients and 20 healthy controls, also matched for age, sex and race. Hierarchical clustering of the test set samples confirmed the consistency of the gene expression patterns and correctly grouped 53 (90%) of 59 patients with LRTI ( Figure 1B) .
To better understand the host response in adults with LRTI and the immune pathways activated or suppressed, we used an analytical framework of 62 transcriptional modules that group together genes with shared expression patterns and similar biologic functions [19] . Module maps were derived independently for the training ( Figure 1C ) and test sets ( Figure 1D) Figure 1F ; P < .001; Spearman r = 0.98), confirming the robustness of these observations.
Distinct Transcriptional Profiles in Patients With Bacterial, Viral, and Bacterial-Viral LRTIs
Next, to define the specific transcriptional profiles induced by viral or bacterial pathogens, we analyzed separately the gene expression profiles from 22 patients with bacterial infections, 71 with viral infections, and 25 with bacterial-viral coinfections, using 18 age-, sex-, and race-matched healthy controls as reference. Statistical group comparisons between the bacterial LRTI group and healthy controls identified 3376 differentially expressed transcripts. A similar approach revealed 2391 transcripts differentially expressed between viral LRTI and controls and 2628 between patients with bacterial-viral coinfections and controls. A hierarchical clustering algorithm was applied to the 3 patient cohorts to visualize the transcriptional pattern (Figure 2A -C). There were 1222 transcripts shared among the 3 groups. They represented 36% of transcripts for the bacterial LRTI signature, 51% of the viral LRTI signature, and 47% of the bacterial-viral coinfection signature. Likewise, a significant number of transcripts were specific for each of the groups ( Figure 2D ).
To better characterize the biologic significance of the differences in gene expression profiles identified in the 3 groups, we performed modular analysis [19] . Patients with bacterial LRTI demonstrated significant overexpression of modules related to the innate immune response, including inflammation and neutrophils modules, and underexpression of genes regulating the adaptive immunity, such as B-and T-cell modules, as did the viral infection group. However, the latter presented a marked overexpression of the IFN-related modules, which was absent in the bacterial infection group (Figure 3 ). Furthermore, the plasma cells module was only overexpressed in the viral infection group. For those modules that presented the same trend in the level of expression, we also found differences in magnitude, as was the case with neutrophils (more overexpressed in the bacterial infection group; P < .001) and natural killer cells (more underexpressed in the bacterial infection group; P < .001) modules (Figure 3 and Supplementary Figure 1B) . The module based analysis also showed a distinct pattern for the bacterialviral coinfection group, characterized by relative underexpression of the platelets and monocytes modules ( Figure 3 Figure 1B) .
) and intermediate expression of inflammation and IFN-related modules compared with the bacterial and viral infection groups (Supplementary
Discrimination Between Viral and Bacterial LRTIs With Classifier Genes
To explore the value of transcriptional profiles to discriminate between viral and bacterial LRTI, we applied the K-NN class prediction algorithm. To perform this analysis, we divided patients with bacterial and viral LRTI into 2 independent cohorts (K-NN training set and test set), each comprising 11 patients with bacterial and 12 with viral LRTI. The K-NN algorithm identified 10 classifier genes that best discriminated bacterial from viral LRTI ( Table 2 ). Eight of those 10 classifiers were IFN-related genes (IFI44, IFIT3, IFI27, RSAD2, OAS2, OASL, IFIT2, and PARP9). Using the 10 classifier genes, leave-oneout cross-validation of the training set correctly classified 21 of 23 samples (91% accuracy; Figure 4A ). In the validation analysis (K-NN in the test set), the classifier genes correctly categorized 22 of 23 new patient samples (96% accuracy; Figure 4B ). To further confirm these findings, using the 10 classifier genes, we applied an unsupervised hierarchical clustering algorithm to a third cohort of patients comprising the 11 patients with bacterial LRTI used in the K-NN training set and a new independent set of 12 patients with viral LRTI. In this analysis, 22 of 23 patients (96%) were correctly classified ( Figure 4C ).
Sensitivity and Specificity of Transcriptional Profiles Compared With Serum PCT for Distinguishing Bacterial From Viral LRTI
Next, we assessed the ability of the 10 classifier genes signature and serum PCT to discriminate between bacterial and viral infections by comparing their sensitivity and specificity. The combined sensitivity of the 10 classifier genes derived from the 3 cohorts of patients analyzed was 95% (95% confidence interval [CI], 77%-100%) with a specificity of 92% (77%-98%) ( Table 3) . Following Schuetz et al [21] , a serum PCT concentration of ≥0.25 ng/mL, measured within the first 48 hours of hospitalization, is considered indicative of possible bacterial infection. This PCT cutoff value was applied to the same patient cohorts that were included in the K-NN analysis and demonstrated a sensitivity of 38% (95% CI, 18%-62%) and a specificity of 91% (76%-98%) ( Table 3 ). Even after we included all the patients with bacterial and viral infection who had PCT concentrations measured (n = 88), the sensitivity and specificity did not improve (sensitivity, 36% [95% CI, 17%-59%]; specificity, 80% [69%-89%]).
DISCUSSION
This study was designed to evaluate the applicability of transcriptional profiling as a diagnostic tool in adults hospitalized with LRTI. Using an objective analytical approach, we found that the systemic response in patients with LRTI displays a robust and reproducible biosignature, with specific characteristics depending on the causative pathogen. Using these biosignatures and applying strict statistical analyses, we demonstrated that virus and bacterial infections can be differentiated with high sensitivity and specificity at the host response level.
LRTIs are a frequent cause of hospitalization and a major reason for treatment with antibiotics worldwide. The role of respiratory viruses in LRTIs in older adults is increasingly recognized, suggesting that accurate diagnostic tests to identify the etiologic mechanism of LRTIs have the potential to reduce overall antibiotic use. Our results showed that a distinct systemic host response is elicited in each infection group (ie, bacterial vs viral) and can be detected in the blood and at an early stage of the disease, as reported elsewhere for children [9, 10, 17, 22] . In agreement with other studies using gene expression analyses in patients with respiratory viral infections [10, 23] , we observed that the major difference between the groups was found in the IFN response, with the viral infection group showing the highest expression level. Indeed, the 10 transcripts identified with the K-NN algorithm as the best classifiers included 8 IFN-related genes, allowing us to categorize patients with bacterial versus viral LRTI with high sensitivity (95%) and specificity (92%).
Different biomarkers to help differentiate bacterial from viral infections have been evaluated in adults with LRTI, with conflicting results [24] . C-reactive protein was considered a useful tool to distinguish bacterial from viral infections [7] , but studies have shown [25] that this biomarker lacks sufficient sensitivity and specificity. In addition, although there are promising results supporting the applicability of PCT as a prognostic biomarker, its value as a diagnostic tool is still under debate. Its diagnostic accuracy in LRTI is variable and depends on the cutoff values used and the conditions under study, such as community-acquired pneumonia, acute exacerbations of chronic obstructive pulmonary disease, or bronchitis [26] . Our results indicate that the 10 classifier genes have superior sensitivity and similar specificity compared with serum PCT, demonstrating the potential value of transcriptional profiling as a diagnostic tool to differentiate viral from bacterial LRTI in the adult population. Importantly, these findings are in agreement with the Infectious Diseases Society of America/American Thoracic Society recommendations for improvement in the diagnosis of LRTI, because the symptoms of bacterial community-acquired pneumonia overlap with viral causes of pneumonia as well as exacerbations of asthma or chronic obstructive pulmonary disease [27] .
Our study has limitations. The biosignatures were obtained from hospitalized patients who represent the most severe forms of LRTI. Nevertheless, it serves as the initial basis for future studies including patients with less severe infections who are managed as outpatients. Profiles were derived from peripheral whole blood and not from the respiratory mucosa, which may not necessarily reflect what is occurring in the primary site of infection. However, studies have demonstrated the value of whole blood transcriptional profiles in other patient cohorts with respiratory infections [10, [12] [13] [14] . In addition, blood samples are convenient samples for diagnostic and prognostic analysis, because they are routinely obtained from patients with LRTI and do not require additional, more invasive interventions. Our results were obtained from a single cohort of 118 patients with LRTI hospitalized in a single center. It would be necessary to validate our findings in independent cohorts. Although we attempted to identify a biosignature in those patients with documented bacterial-viral coinfections, the small number of patients and the heterogeneity of the viruses and bacteria identified did not allow us yet to identify transcripts that can separate them from the other 2 groups. This important subgroup will require further studies using a larger sample.
In conclusion, this study provides evidence of the applicability of transcriptional profiling obtained from a single blood sample for diagnosis of viral versus bacterial LRTIs in adults within 24 hours of hospitalization. Indeed, there are ongoing studies applying PCR-based platforms to advance the implementation of host transcriptional profiles in the clinical setting [13] . In addition, our study demonstrates that with appropriate bioinformatics resources, vast amount of expression data can be simplified to obtain practical biomarkers as currently demanded by clinicians. Figure 4 . Transcriptional profile discrimination between bacterial and viral lower respiratory tract infection (LRTI). The 10 top-ranked genes that best differentiated bacterial from viral LRTI ( Table 2) were identified, after use of a supervised learning K-nearest neighbors (K-NN) algorithm with 12 neighbors and a P value ratio cutoff of .5. A, Use of those genes in a training set correctly classified 21 of 23 individual subjects (91.3%). B, Cross-validation in a test set correctly classified 95.6% of patients. C, Validation in a third cohort, applying an unsupervised hierarchical clustering (distance method), correctly classified 95.6% of patients. Potential conflicts of interest. All authors: No reported conflicts.
